In this paper, the design and the real time implementation of a novel non linear control algorithm to drive a Single Phase Induction Motor (SPIM) are presented. The control schema is based on the field oriented control strategy and requires the development of three controllers. A super twisting algorithm (STA) associated with a partial feedback linearization is applied to control the currents of both main and auxiliary windings. The speed SPIM is driven via a first order proportional sliding mode controller. The stability is demonstrated using the Lyapunov approach and robustness is investigated under load conditions. To illustrate the effectiveness of the proposed controllers, experimental setup is developed and tests were carried out.
INTRODUCTION
The Single-Phase Induction Motor (SPIM) is frequently used in many domestic and industrial applications requiring low power motors operating at fixed speed. Supported by the significant cost reduction the variable speed drives are one of the mainly adopted technical solutions to save a large quantity of energy and enhance the induction motor efficiency [1] [2] [3] [4] . Considering these reasons, the SPIM variable speed drives still up to now a topic of interest. The last year's different controller structures have been developed to drive the SPIM. In [5] [6] [7] , linear proportional integral controllers are incorporated in field oriented control strategy to drive a SPIM. Wherein [8] two synchronous controllers are used: the positive-sequence synchronous controller aimed to annul the direct sequence term and the negative-sequence synchronous controller aimed to annul the inverse-sequence term. A diametrical inversion of the stator voltages was investigated to realize a speed SPIM controller in [9] . All the previous controller structures suffer from the presence of high oscillations around the desired values or loss their performances against the occurrence of parameter variations. Newly, SOSMC (second order sliding mode controller) to drive the speed SPIM was presented in [10] . The main problem of this control schema resides on the real time implementation. Ever since the sliding mode control presents some significant advantages such as: fast response, robustness to parameter variations and disturbances and simplicity of implementation [11, 12] ; this technique represents a seduced alternative to drive a SPIM. In any FOSMC (first order sliding mode control) practical implementation, the chattering phenomenon requests to be considered to avoid the actuator damage [13] . This phenomenon is well-known as undesired fast oscillation of the system trajectories in the proximity of the sliding surface. Diverse approaches where developed in order to reduce the chattering impacts. In particular, the low pass filtering technique and the SOSMC are the most used [14] [15] [16] [17] . Therefore, we propose a control strategy incorporating two control loops based sliding mode technique. The first is devoted to control the main and auxiliary currents windings and is qualified as SOSMC. The design of the proposed SOSMC is based on the STA (super twisting algorithm) combined with a partial feedback linearization. Where the second one, is dedicated to drive the SPIM speed, is qualified as FOSMC and is robust against external disturbances. The synthesis of the developed speed controller is based on a simple proportional sliding surface and its stability is demonstrated by means of Lyapunov approach. Moreover, an adaptive sliding gain is designed in order to make the sliding surface more attractive. All of the developed sliding mode controllers take part of an IRFOC (indirect rotor field orientated control) strategy to drive a SPIM. The paper is organized as follows. Section 2 gives the SPIM dynamic model and over viewer the IRFOC strategy. In section 3 the design of the robust first order sliding mode speed controller is presented. Where section 4 deals with the design of current controllers based on super twisting algorithm. The developed benchmark and experimental results are presented and discussed in section 5.
II.
SPIM STATE SPACE MODEL AND IRFOC STRATEGY The input-output SPIM state space model in a stationary reference frame can be given by:
The matrix A and B are:
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The main and auxiliary windings present dissimilar resistances and inductions. Consequently, this model is qualified as asymmetric; the vector control techniques cannot be directly applied and the establishment of a symmetric model was imposed. So, an appropriate variable transformation is adopted such us in [1, 5] to transform the stator variables. with:
The principal objective of the field-oriented strategy is to align the flux vector along a selected direction so that the behaviours of the SPIM look as a DC motor behaviours', therefore the flux and the torque can be controlled independently by the direct and quadratic currents. Figure 1 presents the block diagram of the IRFOC strategy. In addition to the control model, it involves three sliding mode controllers. Two of them are designed to control the main and auxiliary windings currents and are qualified as SOSMCs, while the next one permit us to drive the SPIM speed and is qualified as FOSMC. The current controllers' outputs represent the stator voltage vector. Using the synchronous transformation T s , The first derivative rotor flux form in synchronous reference frame (denoted by the superscript d, q) can be obtained as: 
Wherein T r represents the rotor constant time. Since the d-axis of the reference frame is oriented along the rotor flux vector, we carried out the requested direct and quadratic reference currents i sd * , i sq * and slip frequency ω * sl for IRFOC strategy implementation. 
The design of sliding mode controller involves two steps. The choice of a sliding surface S relatively to the desired motion represents the first step. The second step focus in the synthesis of an appropriate control law to oblige the state trajectories to attain the sliding surface and stay there. In order to achieve the control objective, a reaching condition driven from Lyapunov stability theory must be satisfied. 0 S S V ≤ = (7)
When the switching function is reached and the state trajectory still with, then the speed will converge to the reference value. The proposed control law is composed from two terms: equivalent U eq and discontinue U n as:
Under the conditions expressed by (10), the expression of the equivalent control (11) can be determined from the SPIM mechanical equation.
Considering the following candidate Lyapunov function:
Applying the Lyapunov stability approach, we obtained the inferior limit gain K ω of the discontinue control term U ω :
For a desired speed reaching time t rω , the inferior limit gain is:
Expressions (13) and (14) are independents of motor parameters, so the developed speed PSMC manoeuvres in robust mode against eventual motor parameters variation. In order to make the Sliding surface more attractive so that the trajectory tracking performances can be ameliorated, we are going to adopt a speed FOSMC law U ω that include an adaptive sliding gain mechanism. Then the control law expression becomes:
Where, ξ is a positive constant that allows us to reduce the reaching time from an initial condition. In addition, and in order to generate a reference electromagnetic torque free of chattering, the signum function is substituted by the following smoother continuous form.
IV. SECOND ORDER SLIDING MODE CURRENT CONTROLLER DESIGN
SOSMCs are the most widely used in practice because of their capability of chattering elimination and their low information demand. The proposed current controller design uses the socalled STA. The STA has been proposed to control systems with relative degree one. This algorithm ensures that the states can slide on the chosen sliding surface S by using only the measurement of S. The control law is composed by two terms formulated around the sliding variables [13, 17] . The first one is the integral of a discontinue function, while the second term represents a continuous function to alleviate the chattering effect. Let us consider the following currents errors expressions as a sliding surface: (17) Tacking in consideration that the electromagnetic torque reference represents the speed controller output, the expressions of direct and quadratic currents references in a synchronous reference frame can be derived from expressions (4) and (6) . Where the stator currents can be expressed, in synchronous rotating reference frame as: 
The first derivative forms of the errors are: 
Adopting the following stator voltages variables change:
The second errors derivative forms can be expressed as:
With:
We suppose that the terms γ, G 1 and G 2 are bounded by known positive constants as:
Adopting the following proposed stator voltages control law:
Where: ρ, α 1 , α 2 , λ 1 and λ 2 are the tuning controller parameters and which are positives constants respecting the following inegalities.
The parameter ρ is fixed to 0.5 to ensure that the maximal possible for 2-sliding realisation is achieved [13] . Then, the proposed control law is capable of enforcing a second order sliding mode on the sliding surface in finite time.
V. EXPERIMENTAL SETUP AND EXPERIMENTAL RESULTS

A. Experimental Setup Presentation
To explore the proposed sliding mode controllers' performances, a laboratory stand was developed. Wherein, the SPIM is supplied by three-leg voltage source inverter, through six bipolar transistors. Two legs are devoted to control the main and auxiliary windings voltages and the third one is used to control the offset voltage. The load torque is applied via a magnetic powder brake coupled to the SPIM. The full implementation requires a MATLAB Simulink and dSPACE DS1104 real-time controller board. A sinusoidal PWM technique was adopted to generate the PWM signals with a switching frequency of 3 kHz and a dead time of 2 μs for the three-leg inverter. Two of the PWM duty cycles are calculated according to the direct and quadratic control voltages V sα * and V sβ * . Where the third ones, was set to 0.5 to supply a zero reference voltage. The sampling time of the control algorithm is fixed to 60 μs. Parameters of the utilized SPIM are listed in table I, while the speed controller and the currents controller parameters are detailed in Table II .
B. Experimental Results
The SPIM is submitted to many tests where the reference rotor flux is kept constant at the nominal value 0.7 Wb. The rotor speed and the direct and quadratic currents are the controlled variables and the load torque is regarded as external disturbances. The experimental waveforms of the SPIM speed, d-q rotor flux, d-q currents and switching functions are given. The first test shows that the rotor speed experimental behaviours (Fig. 2 ) express a good transient response (0.5s), without steady error (Fig. 3 ) and no relevant overshoot (< 1 %).
Compared to the results obtained in [5] using linear PI controllers, amelioration about 50% of the time response is registered. Figures 4, 5 and 6 illustrate that the different sliding surfaces relative to the speed, direct and quadratic currents are reached in finite time. (Fig. 7) . While, Fig. 8 proves that the decoupled objective of the IRFOC strategy is achieved. Thus, the direct and quadratic currents are controlled separately according to the flux and the electromagnetic torque generated references. The current curves present very heaver oscillations around the desired values.
Test 2: SPIM behaivours at low speed range, followed by an inversion of sign and with nominal load torque In the second test, the SPIM starts with a nominal load torque applied via the magnetic powder brake. A step speed reference of 300 rpm followed by an inversion of sign at 11 s is considered. Fig. 9 shows that the SPIM performances exhibit a good transient speed response even at very low speed range. Then, the external disturbances resulting from the load torque insertion have no significant impact on the SPIM speed response.
Test 3: SPIM behaivours to succeced step refrences In the last test, successions of small step references are considered at nominal load conditions. The SPIM continuous to delivered very good performances proving the effectiveness of the proposed sliding mode controllers in term of robustness and chattering elimination.
VI.
CONCLUSIONS An IRFOC strategy based on sliding mode technique to drive a SPIM has been developed and experimentally validated. Where, a novel currents control law using the super twisting algorithm associated with a partial feedback linearization was proposed. As well a robust FOSMC with an adaptive control gain mechanism was designed to regulate the SPIM speed. The stability of condition was derived by means of Lyapunov approach. The obtained experimental results show the good performances of the designed controllers in terms of stabilization, tracking and robustness with respect to external disturbances even at very low speed ranges.
